Current knowledge on tree C allocation to wood is particularly scarce in plants subjected to disturbance factors, such as browsing, which affects forest regeneration worldwide and has an impact on the C balance of trees. Furthermore, quantifying the degree to which tree rings are formed from freshly assimilated vs. stored carbohydrates is highly relevant for our understanding of tree C allocation.
Summary
Current knowledge on tree C allocation to wood is particularly scarce in plants subjected to disturbance factors, such as browsing, which affects forest regeneration worldwide and has an impact on the C balance of trees. Furthermore, quantifying the degree to which tree rings are formed from freshly assimilated vs. stored carbohydrates is highly relevant for our understanding of tree C allocation.
We used 13 C-labelling to quantify seasonal allocation of stored C to wood formation in two species with contrasting wood anatomy: Betula pubescens Ehrh., (diffuseporous) and Quercus petraea [Matt.] Liebl., (ring-porous). Clipping treatments (66% shoot removal, plus unclipped) were applied to analyse the effect of browsing on C allocation into tree rings, plus effects on tree growth, architecture, ring width and non-structural carbohydrates (NSC).
The relative contribution of stored C to wood formation was greater in the ringporous (55-70%) than in the diffuse-porous species (35-60%), although each species followed different seasonal trends. Clipping did not cause a significant depletion of C stores in either species. Nonetheless, a significant increase in the proportion of stored C allocated to early wood growth was observed in clipped birches and this could be explained through changes in tree architecture after clipping.
The size of C pools across tree species seems to be important in determining the variability of seasonal C allocation patterns to wood and their sensibility to disturbances such as browsing. Our results indicate that the observed changes in C allocation to early wood in birch were not related to variations in the amount or concentration of NSC stores, but to changes in the seasonal availability of recently assimilated C caused by modifications in tree architecture after browsing.
Introduction
Browsing by ungulates hampers forest regeneration worldwide (Hester et al. 2000 , Côté et al. 2004 , Gill 2006 and has been shown to affect wood formation in trees, in both the current-year ring and in subsequent years (Kulman 1971 and references therein, Hoogesteger and Karlsson 1992) . Such an effect of browsing on wood formation may be through a decrease in the C stores of trees, with potential subsequent effects on wood formation. A recent study of browsing effects on the C allocation of birch showed that browsing did not alter C allocation into storage in trees browsed for 6 years, although C allocation changes in the short-term did occur (Palacio et al. 2008) . Despite the relevance for forest regeneration and management, the effects of browsing on C allocation to wood production remain unexplored.
Previous studies indicate that soon after being fixed by photosynthesis, new assimilates are translocated basipetaly (Hansen 1971 , Rangnekar and Forward 1972 , Hansen and Beck 1994 , getting mixed with a pool of "old" mobile assimilates with a species-specific size and rate of mixing (Keel et al. 2007 , Gaudinski et al. 2009 ) before being allocated to wood. New wood growth is thus a mixture of old and new C, allocated in variable proportions depending on the species under examination (Keel et al. 2006 , Keel et al. 2007 , Gaudinski et al. 2009 ). For example, in the boreal winter deciduous tree Larix gmelii, up to 43% of the starch available for wood formation came from C assimilated in the previous year (Kagawa et al. 2006b ). Similarly, 42-46% of C in wood of Pinus uncinata and Larix decidua came from storage (Von Felten et al. 2007 ), while the contribution of old C averaged 29% across 5 deciduous temperate tree species (Keel et al. 2006) . Despite the differences between species, the contribution from stored C to wood growth seems to be substantial. The question remains if such contribution may stay constant throughout the year or vary following source-sink changes due to tree phenology. To detect such seasonal changes, high resolution intraring δ 13 C measurements are required.
Differences in wood anatomy have also been assumed to entail differences in C allocation dynamics for wood formation (Barbaroux and Bréda 2002) . In ring-porous species, part of early wood growth (including the formation of large early wood vessels)
is completed before bud-burst in spring (Dougherty et al. 1979 ). This phenology is associated with winter embolism of large-diameter vessels, and the need to produce a new set of xylem vessels before bud-burst so that newly emerging leaves can be supplied with water (Lechowicz 1984, Bréda and Granier 1996) . Contrastingly, diffuseporous species have only small xylem vessels and winter embolism has relatively less impact on the hydraulic conductivity of the tree, so leaf expansion can start before the beginning of radial stem growth (Lechowicz 1984, Essiamah and Eschrich 1986) . As a consequence, ring-porous species seem to show greater seasonal variations in pools and concentrations of NSC and a relatively greater dependence on the remobilization of stored carbohydrates for early wood growth in spring than diffuse-porous species Bréda 2002, Barbaroux et al. 2003) . It has even been suggested that ring-porous species rely entirely on C stores for early wood growth (Zweifel et al. 2006) , and that in diffuse porous species like beech, wood construction costs could be entirely supplied by current assimilates (Barbaroux et al. 2003 ).
We performed a continuous 13 C labelling experiment to quantify the relative allocation of stored and recently assimilated C to wood formation in two tree species with contrasting wood anatomy: diffuse-porous downy birch (Betula pubescens Ehrh.), and ring-porous sessile oak (Quercus petraea [Matt.] Liebl.). High resolution intra-ring δ 13 C measurements were used to quantify the relative allocation of stored and newly assimilated C for wood formation throughout the growing season. We also analysed the 6 effect of browsing on the seasonal allocation of stored C into wood ring formation in these species. We tested the following hypotheses, that: 1) the contribution of stored C for early wood growth will be larger in ring-porous than in diffuse-porous species; 2) browsing will affect ring formation in the year after browsing by decreasing the availability of stored C; consequently, browsed trees will rely more on newly assimilated C for early wood formation; 3) such effects will be more dramatic in the ring-porous species (Quercus petraea) than in the diffuse-porous species (Betula pubescens). (Hester et al. 1996 , 2000 , Gill 2006 diameter) and fine roots (< 2mm diameter). Samples were freeze-dried and weighed (± 0.005 mg). One segment close to the base of the main stem of each tree was kept to evaluate current-year ring growth at the beginning of the 13 C labelling experiment. The remaining samples were milled to a fine powder in a ball mill (Retsch Mixer MM301, Leeds, UK).
Materials and methods

Experimental set up and clipping experiment
Soluble sugars were extracted with 80% (v/v) ethanol and their concentration determined using the phenol-sulphuric method as modified by Buysse and Merckx (1993) . Starch and complex sugars remaining in the undissolved pellet after ethanol extractions were enzymatically reduced to glucose and analyzed as described in Palacio et al. (2007) . Trees from different species and treatments were distributed randomly within the polytunnel following a Latin square design, which was changed in the middle of the experiment. Trees regularly received 0.5 l of the same nutrient solution described above.
Continuous
Initial and final tree morphological measurements (as described above) were taken at the beginning and at the end of the 13 C-labelling period. Stem diameters were measured every 2-3 weeks with a digital calliper at a marked position approx. 50 mm above the base of each tree. On 5th August 2008, 4 months after the beginning of the experiment, trees inside the polytunnel were harvested for analysis. At the time of harvest, trees were beginning leaf senescence and most of the annual radial growth had been completed.
Ambient trees
In early November 2008, 5 "control" saplings of each species were harvested from the greenhouse for intra-ring analysis of δ 13 C at natural abundance. Throughout 2008 growth conditions for these trees were the same as in 2007 (see above). At the time of harvest, trees were shedding their leaves and radial growth had been completed.
Intra-ring sectioning
Three stem discs 10 mm long were cut at 50 mm from the base of the stem of every harvested tree (both ambient and labelled trees). Samples were kept frozen at -20 ºC until sectioning. Bark was removed and rectangular blocks (2-3 mm tangential x 10-15 mm radial x 10-15 mm longitudinal) containing the outermost tree ring separated from each disc with a razor knife under a stereo-microscope. Blocks were cut from the same position within each disk. Ring width was not constant, so blocks were obtained from areas where ring width was stable and close to average and current-year rings showed almost straight borders. Blocks were mounted on the sample carriers of a cryogenic microtome (cryostat, Sigma) by using an embedding gel for cryogenic sectioning Cross-sections were obtained from disk segments adjacent to the blocks used for tangential sectioning. Samples were mounted as above. Cross-sections 20-30 μm thickness were stained with 1% aqueous Safranin-O (Sigma-Aldrich, Gillingham, UK)
for 5 minutes, washed in distilled water and subsequently stained with 1% Astra blue (VWR International Ltd, Lutterworth, UK) for 3-5 seconds. Sections were then mounted in slides by using Euparal Mountant (VWR International Ltd, Lutterworth, UK). Images of sections were taken using a microscope (Olympus, BH2) fitted with a digital camera (Leica DFC290). Current-year ring width measurements were obtained from these images by using ImageJ 1.43 (Rasband 1997 (Rasband -2005 .
C isotope analysis
The 13 C signature of wood ring sections were measured by continuous flow isotope ratio mass spectrometer (Thermo Finnigan Delta Plus advantage ) interfaced to an elemental analyser (Thermo FlashEA1112, Thermo Finnigan, Bremen, Germany). Data were expressed as δ 13 C V-PDB :
where R S and R VPDB are the molecular abundance ratios of carbon isotopes, 13 C/ 12 C, of the sample and international standard (Vienna Pee Dee Belemnite), respectively. Long term precision for quality control standards (milled flour) were for total C (g g -1 ): 40.6 ± 0.6% (mean ± SD, n=181); δ 13 CV-PDB -26.0 ± 0.24‰ (mean ± SD, n=187). Since we were interested in quantifying the whole of C allocation to wood production, bulk wood δ 13 C was measured. Measuring δ 13 C of cellulose, starch or the soluble fraction was impossible given the small amount of sample available for analysis.
Phenological observations on trees
The phenological pattern of birch and oak was monitored in 50 saplings of each species calculated by averaging the intra-annual δ 13 C values for the current-year ring of ambient trees (thus representing C remobilized from storage); and δ 13 C Grass was the average of the δ 13 C values obtained for Lolium perenne plants that were grown from seed within the polytunnel. It was assumed that the photosynthetic discrimination against 13 C would be the same in both the grasses and the trees, a reasonable assumption given that the plants were shaded and had no water stress (thus representing C arising from current assimilation).
Statistical analyses
Univariate general linear models (GLM) were used to analyse: differences in C allocation to wood (average values across the ring) between species, short-term effects of simulated browsing on growth (height and stem diameter) and starch and NSC pools in the woody organs (sum of the pools in coarse roots and main stems) of trees 
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The initial length (i.e. distance from the base to the tip of the tree) of trees at planting was used as a covariate in all analyses. Starch and NSC concentrations were angularly transformed to meet normality and homogeneity in variance assumptions. Analyses were run with SPSS Statistics 17.0.
Generalized Additive Mixed Models (GAM models) were used to analyse differences between treatments in the seasonal patterns of C allocation to wood growth.
Since both species showed different dynamics, GAM models were fitted to both species separately. To account for autocorrelation in δ 13 C among cell layers within the wood ring an auto-regressive correlation structure of order 1 (AR-1) was fitted. A different smoothing spline was allowed for each "treatment" by including an interaction term. 2009). Graphical model validation tests were applied to check that independence, normality and homogeneity of variances were met. All GAMM analyses used R (R software 2.10.0) with the mgcv and nlme packages.
Results
Differences in C allocation between ring-porous and diffuse porous species
The ring porous species, Quercus petraea, showed a significantly higher allocation of stored C to wood formation than the diffuse porous Betula pubescens (P < 0.001).
Averaged new C allocation to wood across the whole ring was not significantly different between clipping treatments (P = 0.145), so all individuals of a species were pooled together to calculate a mean value. On average, 65 % of the C allocated to wood formation in oaks came from storage, compared with 48% in birch.
Labelled trees of both species showed distinct patterns of intra-ring variation in the δ 13 C of bulk wood (Fig. 1) and, consequently, distinct patterns of new C allocation to wood growth throughout the growth season (Fig. 2) . Differences between species were greater at the beginning of the formation of the ring, when birch showed a peak in the contribution of new C while most of the C in oak came from storage (Fig. 2) . In general, oaks showed much less intra-ring variation than birch, with a slight decrease in the proportion of new C allocated into wood at the end of earlywood formation, followed by a moderate increase during latewood growth (Fig. 2) . In birch, maximum values of current C allocation where obtained when ~ 15% of the current-year ring had been formed. Considering a constant radial growth rate throughout the study (see Fig.   3 ), and assuming that radial growth started soon after bud break, this peak occurred ~ 19 days after the beginning of the experiment. At this time, trees were completing their preformed shoot growth and were covered in leaves from their short shoots (Fig. 2) . The subsequent decrease in proportion of new C allocated into wood reached minimum values when approximately 35% of the current-year ring had been formed, i.e. approx.
45 days after the beginning of the experiment. At this time birch trees had started neoformed growth by the elongation of long shoots (Fig. 2) .
Natural intra-ring variation in the δ 13 C of bulk wood was similar in both species (Fig. 1) , with an initial enrichment in 13 C in the first half of the ring, followed by a subsequent depletion in 13 C (Fig. 1) . However, oaks showed a slight enrichment in 13 C towards the end of the ring (last part of the latewood) that was not observed in birch (Fig. 1) . Seasonal variation in δ 13 C of bulk wood in birch was 3.01 ‰, while in oak it averaged 4.38 ‰. Inter-individual variability was of a similar range, averaging 2.45 ‰ and 4.81 ‰ in birch and oak, respectively.
Effects of browsing on intra-ring C allocation
Although browsing did not significantly affect average C allocation across the ring in either species (P = 0.145), it led to a significant change in the seasonal pattern of C allocation in birch. Accordingly, the different smoothing curves (i.e. smoothers) fit to each of the treatment groups were significant in this species (Log-likelihood ratio test = 9.729, P = 0.008). The differences in intra-ring C allocation to bulk wood between browsed and control trees (Fig. 2) were mainly found in the earlier stages of ring formation when, contrary to our hypothesis, control trees seemed to incorporate a higher proportion of new C in their bulk wood than browsed trees (note the separation between confidence interval bands in the chart of Fig. 2 ). After these initial differences in the C composition of earlywood, both control and browsed birch trees showed similar patterns of new C allocation into latewood. In contrast, in Q. petraea differences between smoothers were not significant (Log-likelihood ratio test = 0.845, P = 0.655) indicating that browsing had no effect on the allocation dynamics of new C into bulk wood (note the high overlap between confidence interval bands in Fig. 2 ).
Effects of browsing on tree growth, architecture and carbohydrate stores
Simulated browsing (clipping) significantly decreased sapling height in the short-term, i.e. 7 months after the application of clipping treatments (P < 0.001), and had a marginal effect (P = 0.040) on stem diameter (Tables 1 and 2 ). However, these effects disappeared with time, so that repeated clipping did not have a significant impact on sapling height (F = 2.510, P = 0.134) or width of rings formed in the year after clipping (Fig 4 , P = 0.538) in either of the two study species. Although their height was not significantly different at the beginning of the labelling experiment (P = 0.605), oaks tended to have smaller stem diameters (P = 0.030) than birch trees. Throughout the course of the 13 C-labelling experiment, rings produced by birch trees were also significantly wider than those of oaks (P = 0.002).
Clipping treatments had a significant effect on the number of short shoots in birch (P = 0.007; Fig. 5 ), with control trees producing up to 10 times more short shoots than clipped trees, and a ratio of long to short shoots 7 times lower in control than clipped trees (Fig. 5 ).
Contrary to our second hypothesis the heavy clipping treatment (66% applied twice) did not have a significant impact on the C stores of trees (Tables 1 and 2 ). Oaks had higher concentrations and larger pools of starch and NSC than birch trees, even though the total biomass of saplings was not significantly different between species (P = 0.223).
Discussion
C allocation to wood formation in ring-porous and diffuse porous species
Trees hold large pools of C in their standing biomass, most of which is accumulated in wood. Therefore, quantifying to what degree wood rings are formed from freshly assimilated vs. stored carbohydrates is highly relevant for our understanding of tree C allocation. Such quantitative information is needed to unravel δ 13 C and δ 14 C signatures in CO 2 ecosystem respiration fluxes (Gaudinski et al. 2009 ). It is also relevant for the use of tree ring stable isotopes as indicators of environmental processes (Kagawa et al. 2006a , Skomarkova et al. 2006 ).
The contribution of stored C to wood growth was significantly larger in the ringporous species, Quercus petraea, than in the diffuse-porous species, Betula pubescens, especially at the beginning of ring growth. These results agree with the traditional view that ring-porous species are more reliant on C stores for early wood growth than diffuse porous species Bréda 2002, Barbaroux et al. 2003) . However, not all the C in the early wood of oak came from storage, and not all C in the early wood of birch came from current photosynthesis (Fig. 2) . The wood of both species was a mixture of old and new C in varying proportions, as also found by Keel et al. (2007) , and both C pools contributed to wood growth throughout the formation of the ring. Between 55-70% and 35-60% of the C in the wood of current-year ring in oak and birch, respectively, came from old C. Consequently, stored C made a contribution to wood growth in both species, despite their differences in wood anatomy. Previous studies also the other hand, serve to increase tree height and canopy area (Maillette 1982 , Karlsson et al. 1996 . The production of short shoots was completed approx. 20 days after budburst, when approx. 15-20 % of the current-year ring had been formed and the proportion of new C allocated to wood was maximal (Fig. 2) . Once short shoots and the first 2-3 leaves of long shoots are fully expanded, birch trees continue their seasonal growth by elongating long shoots by neoformation (Macdonald et al. 1984) . Because the ratio between leaf area and long shoot biomass is low compared to short shoots (long shoots have long internodes supporting rapid increase in length), their development has been suggested to be costly (in terms of C), at least in the initial stages (Kozlowski and Clausen 1966 , Maillette 1982 , Karlsson et al. 1996 . This might explain the subsequent decrease in the proportion of new C allocated to wood formation by birch.
Since only δ 13 C of bulk wood was analysed, we can not rule out the possibility that part of the C allocation patterns observed are due to a horizontal transfer of mobile C later in the season. A slight horizontal transport of new C to older wood parts through ray parenchyma cells was observed in 13 C-labelled larch trees growing at elevated CO 2 conditions (von Felten et al. 2007 ). Such horizontal transfer may explain why the proportion of new C allocated to wood was never zero, not even in the wood cells formed on the previous year. The amount of mobile C in relation to structural C in wood is comparatively small (Eglin et al., 2008) , so that changes due to such horizontal transfer may be of little importance for the interpretation of our results. Indeed, the observed pattern in δ 13 C of bulk wood of control trees growing at ambient conditions ( Fig. 1 ) is in agreement with patterns described previously in the literature for δ 13 C in wood ring cellulose of Quercus petraea and other winter deciduous species (Helle and Schleser 2004).
Browsing effects on growth, NSC stores and C allocation to wood
Our results clearly indicate that the observed decrease in the growth of browsed trees was not caused by a depletion of C stores, even in the short-term. Previous studies showed a temporal decrease in tree carbohydrate stores after clipping (e.g. Wargo et al. 1972 , Canham et al. 1994 , Palacio et al. 2008 ) and the difference with the current study might have been the length of the recovery period. For example, in the study by Palacio et al. (2008) trees were harvested only 8 weeks after clipping, while in this experiment trees were harvested 7 months after clipping, although they were leafless throughout winter and late autumn (approx. 4 months). Our results are in agreement with previous findings by Van der Heyden and Stock (1996) , who demonstrated that plants of the deciduous shrub Osteospermum sinuatum were able to overcompensate for NSC pools in twigs soon after clipping, despite twig biomass being reduced by 80%. The lack of an effect of clipping on NSC pools is probably due in part to the fact that remobilisation of C from storage pools is a sink driven process (reviewed by Millard and Grelet 2010) and that clipping reduced the sink strength for new growth. These results add to the body of evidence that trees are not C limited (Millard et al. 2007 ).
Contrary to our hypotheses, browsed trees did not rely more on new C for wood growth than control trees. In birch there was even an increase in the proportion of stored C allocated to early wood growth in clipped trees. If, as suggested previously, the dynamics of C allocation to early ring growth in birch are shaped by the phenology of growth and C-assimilation of short shoots, differences in the proportion of the different types of shoots produced after browsing may be behind the observed effect. One of the most striking differences in the architecture of browsed and control trees was a reduction in the numbers of short shoots after clipping (Fig. 5 ). Short and long shoots have been suggested to play different roles in the C balance and canopy development of trees (Kozlowski and Clausen 1966, Karlsson et al. 1996) . Accordingly, preformed short shoots seem to play a prominent role in the C gain of trees early in the season (Kozlowski and Clausen 1966) and our results suggest that they may supply C for early wood formation in birch.
In conclusion, the size of C pools of tree species seems to be important in determining the variability of seasonal C allocation patterns to wood and their sensitivity to disturbances such as browsing. In oak, NSC pools are large and buffer the effect of clipping on C allocation to wood production, while in birch, C pools are smaller and clipping leads to an increase in old C allocation to earlywood growth.
However, such effect on C allocation in birch is not related to changes in the amount or concentration of NSC stores but to temporal variations in the availability of recently assimilated C resulting from modifications in tree architecture after browsing. 
